Fluorescence fluctuation spectroscopy is a versatile technique applied to in vitro and in vivo investigations of biochemical processes such as interactions, mobilities or densities with high specifity and sensitivity. The prerequisite of this dynamical fluorescence technique is to have, at a time, only few fluorescent molecules in the detection volume in order to generate significant fluorescence fluctuations. For usual confocal fluorescence microscopy this amounts to a useful concentration in the nanomolar range. The concentration of many biomolecules in living cell or on cell membranes is, however, often quite high, usually in the micro-to the millimolar range. To allow fluctuation spectroscopy and track intracellular interaction or localization of single fluorescently labeled biomolecules in such crowded environments, development of detection volumes with nanoscale resolution is necessary. As diffraction prevents this in the case of light microscopy, new (non-invasive) optical concepts have been developed. In this mini-review article we present recent advancements, implemented to decrease the detection volume below that of normal fluorescence microscopy. Especially, their combination with fluorescence fluctuation spectroscopy is emphasized.
INTRODUCTION
A tremendous number of optical techniques and methods have been developed for physical, chemical, biological and life science investigations. For most part (about 80 %), these techniques make use, in one way or another, of non-invasive fluorescence microscopy. Fluorescence not only comprises a large choice of spectroscopic information and thus favors various readout modes (e.g. intensity, lifetime, anisotropy, color) but also provides a delicate observable due to its sensitivity on environmental changes. Among a myriad of fluorescence techniques, the observation of fluorescence fluctuations from single or few dye molecules enables the study of dynamics and characteristics of the sample without actually disturbing their equilibrium. Fluorescence fluctuation spectroscopy (FFS) can in principle offer information about any molecular dynamic process on the nanosecond time range and longer, that manifests itself ads a change in fluorescence intensity [1] . Fluctuations in the detected fluorescence signal arise as molecules diffuse in and out of an illuminated volume or by changes in fluorescence characteristic for example due to reaction kinetics or conformational changes. Statistical analysis of the fluctuations can be achieved using correlation or distribution analysis.
The first FFS method to appear was fluorescence correlation spectroscopy (FCS) in the early 1970's [2] . By calculating the correlation function of the fluorescence fluctuations, FCS resolves fluorescing species with different diffu-*Address correspondence to this author at the Department of Experimental Biomolecular Physics, Royal Institute of Technology, SE-10691 Stockholm, Sweden; E-mail: hans@biomolphysics.kth.se sion coefficients or discloses kinetic rate constants of molecular reactions manifesting themselves in fluorescence changes [3, 4] . Correlation spectroscopy thus represents a sensitive tool for biochemical assays which, for example, render changes in masses during a binding reaction [1] . Additional methods to analyze fluctuations have been introduced more recently to resolve different species according to their fluorescence brightness (number of detected photons per time interval). Higher order autocorrelation [5] and higher order moment analysis [6] determine the molecular brightness from the moments of the fluorescence fluctuations. Analysis tools such as burst size distribution (BSD) analysis [7] , photon-counting histogram (PCH) [8] and fluorescence intensity distribution analysis (FIDA) [9] establish the brightness parameter from the statistics of the amplitude (number of photons) axis of the fluorescence fluctuations. Such distribution analysis has reached a sensitivity that enables its application on a variety of biochemical assays involving in vivo studies [10] and industrial applications such as high-throughput drug screening (HTS) [11] [12] [13] . An improved sensitivity and accuracy has been introduced to FCS and FIDA/PCH by the inclusion of a second variable into the analysis (two-dimensional methods). In fluorescence crosscorrelation spectroscopy (FCCS) [14, 15] and two-dimensional fluorescence intensity distribution analysis (2D-FIDA) [16] or dual-color PCH [17] , the second dimension provides coincident information from a second detector, which may represent a different color or a different fluorescence polarization. Both methods are being applied to biochemical assays, which either based on a change in fluorescence anisotropy (e.g. change in mass) or make use of several fluorescent markers in combination with multi-color excitation or För-ster Resonance Energy Transfer (FRET) [18] . Thus, ranging from binding events to protease cleavage reactions and ultrafast HTS, these two-dimensional methods have achieved a remarkable scope of applications [15] [16] [17] [19] [20] [21] .
Further improvements have been achieved by enhanced analysis tools such as fluorescence intensity multiple distribution analysis (FIMDA) [22] , globally accessing differently recorded FIDA data for simultaneous diffusion time and brightness determination, fluorescence intensity and lifetime distribution analysis (FILDA) [23] , resolving different species according to their fluorescence brightness and lifetime, photon arrival-time interval distribution analysis (PAID) [24] , which enables molecular resolution on the basis of diffusion, brightness and coincidence on different detection channels, and finally two-color global FCS [25] , globally analyzing all correlation data accessible in multi-color or FRET experiments. Such global analyses are in fact possible with the computational hardware available nowadays, which allow for storing each photon count along with its macroscopic arrival time (with respect to the beginning of the measurement) and, in the case of using pulsed-excitation, the microscopic arrival time (with respect to the following laser pulse). From these data, all possible FFS data such as the correlation curve and the photon counting histogram can be generated and analyzed simultaneously.
Fluorescence fluctuation spectroscopy has been extensively demonstrated for various applications in biology, chemistry and life science, examples being ligand-receptor (i.e. protein-protein) interactions [26] [27] [28] , single-molecule enzymatic studies [29] [30] [31] [32] and conformations and trajectories of protein dynamics [33] [34] [35] , as well as several other interesting biomolecular interactions [1] . New areas and applications are continuously being exploited with the powerful FFS techniques (i.e. having single molecule sensitivity and allowing undisturbed molecular systems to be studied at their equilibrium). The technique is also continuously developed regarding theoretical analyses and data handling methods [36, 37] . A major drawback of FFS is that the fluctuating signal has to stand out of noise originating from the detector, the laser and auto-fluorescence and scattered light, where the latter highly depends on the size of the detection volume. Obviously, the maximum (fluctuating) signal ratio originates from single and very bright fluorophores detected in small illumination volumes. Because in the early stages of FFS highly sensitive detectors were not available, quite a large number of fluorescent molecules ~1000-10000 were needed to generate a signal above the background consisting of significant laser noise as well as Raman and Rayleigh scattering [2] [3] [4] . Thus, long data acquisition times were required to achieve appreciable correlation amplitudes from the very small intensity fluctuations. While a reduction of the focal volume was already implemented in the ultramicroscope [38] , it was not until the invention of the confocal microscope [39] that this principle was recognized as a powerful background suppression approach.
With the introduction and technological development of the confocal microscope, detection volumes of ~1 µm in diameter and ~0.5 fL (1 fL = 10 -15 L) in volume were achieved, which provided single-molecule detection sensitivity. Starting from the initial confocal FCS experiments in the early 1990's [40] [41] [42] [43] , confocal microscopy helped to establish fluorescence fluctuation spectroscopy as a commonly and extensively used analysis tool [44] . However, in its present form, FFS is typically useful only in a concentration range of about 100 pM -100 nM. In attempting to reach higher concentrations with the confocal microscope, one encounters a hard physical limit [45] [46] [47] [48] [49] . The reason for the limit, which is almost commonplace, is that due to diffraction the detection volume in the confocal microscope cannot be made smaller and will thus contain too many molecules (N >> 1). Typically, a few tens of molecules are tolerated in a detection volume of 0.5 fL, which translates to a concentration not exceeding ~100 nM. In artificial environments, this concentration limit is not commonly a problem; however, this is different when weak interactions in often biological systems are to be studied [50] . Cellular environments are most often excluded by the concentration limit, too, as the concentration of many biomolecules on cell membranes or in a living cell is often quite high, usually in the micro to the millimolar range. To accurately track intracellular interaction or localization of single fluorescently labeled biomolecules in these crowded environments, development of small detection volumes is necessary.
To better understand this assume, for example, that in a prototype association / dissociation reaction two species A and B form weak complexes: AB ⇔ A + B. The dissociation constant of this reaction is given by
Assume that A is fluorescently marked and that both A and AB are to be detected simultaneously. Assume further that A and B are present at a concentration of about 10 nM and that K D ~ 1 µM. Then, from the definition of the dissociation constant, it is easily calculated that [AB] = 0.1 nM, which is a factor of 100 less than [A] . As has been shown both experimentally and by simulations, the fraction of AB should not fall below 0.5 if the two components are to be identified concurrently with statistical significance [51] . Therefore, to achieve comparable concentrations for A and AB, the total concentration must be raised. To stick with the above example, assuming [A] = [B] = 1 µM, the equilibrium concentration of AB will now also become 1 µM, and AB is not masked by the presence of the fluorescent species A. These problems have been targeted in the past few years and several suggestions have been made to achieve reduced detection volumes in order to maintain small average number of molecules even at an increased concentration.
In this mini-review article, we present recent technological suggestions implemented to decrease the physical detection volume below that of diffraction-limited microscopy and where these techniques have been applied to fluorescence fluctuation spectroscopy. The extensions can be categorized into optical and mechanical approaches and combinations thereof. With the exception of stimulated emission depletion (STED), these methods have in common that, as the volume is constrained in at least one direction, surfaces are adjacent to the detection volume. The nearby interface can for example increase or decrease the emission rate of the molecule, or change its diffusion behavior [52] [53] [54] . Therefore, care has to be taken that these interfaces do not interfere with the process under investigation.
THEORETICAL BACKGROUNDS

Diffraction Limit
The fundamental limits to microscopy performance were laid down more than one hundred years ago, amongst others by Abbe, Airy and Rayleigh. As is well known, basic optics stipulates that the resolution of an optical microscope is limited by the wave nature of light, i.e. by diffraction. In 1873, Ernst Abbe developed his theory of resolution in the microscope by considering the image of grated structures illuminated by monochromatic plane waves [45] . In an image of the grating, adjacent grating lines/points could only be discerned if the grating period d was not too small. Equivalently spoken, a true image of the grating is obtained as long as at least two diffraction orders are transmitted, with the smallest grating period d given by:
where λ is the wavelength of the illuminating wave, the parameter n describing the refractive index of the medium, and α is the angular radius of the objective lens. The product n sin α is called the numerical aperture (NA) and measures the solid angle from which light is gathered by a microscope lens. For a microscope image, d is equivalent to the smallest distance between alike sample objects that are resolvable, i.e. which are observed as separate object. An alternative and yet equivalent approach to Abbe's theory was put forth in 1896 by Lord Rayleigh [46] . He considered the image of two incoherent luminous point sources (Fig. (1) ). The waves from these two sources were diffracted by the lens into overlapping Airy patterns. In one dimension, the minimum distance at which the two sources are observed separately is again governed by the Eq. (1) [55] . This distance is also given by the width of the diffraction image of a single point source. In a perfect diffraction-limited optical system (i.e. no aberration being present), the pattern generated from a point source is called the point spread function (PSF) and, ideally, it corresponds in shape to the diffraction figure of an Airy pattern (laterally, the intensity distribution is a Bessel function and, axially, it is a squared sinc function). To obtain high resolution (i.e. very small d values), short wavelengths and high numerical apertures are desirable. However, this desire is technically constrained in basic confocal microscopes. Typically, the shortest wavelength being used is above 340 nm, where glass in common objective lenses is transparent. Switching to quartz lenses allows shorter wavelengths to be used, which, however, often have pronounced phototoxic effects for live cells and other biological systems. The typical value of the numerical aperture of lenses objectives is about 1.4 for oil objectives (n ~ 1.5), rendering d ≈ λ/3. The highest NA currently available is around 1.65, but this objective lens requires volatile oil and special cover glasses. A different approach uses solid immersion lenses as high-index materials (n >> 1). The maximum solid refractive indices still transmitting visible light is slightly above 3. Such higher indexed materials in form of a half sphere (i.e. a lens) can collect more light and boost the NA of objective lenses. This effect is most pronounced for objectives having low numerical apertures [56, 57] . Even though Eq. (1) theoretically does not seem to prevent resolving arbitrary small objects, by choosing higher indexed materials or shorter wavelengths, limitations make it impossible to do so technically or noninvasively.
According to more modern theoretical considerations, continuously developed from the 1950's, the microscope can be regarded as an information processing system whose limits in terms of resolution are set not by the classical theory but by the capacity of the system to transmit information [58, 59] . Resolution can then be increased if there is some a priori knowledge of, for example, the object, or if some other form of information is traded off against an increase in resolution in a particular direction. Applying this principle, the improvement in resolution in confocal microscopy is regarded as resulting from a tradeoff of field of view [48] . In confocal microscopy, a pinhole is set up into the image plane of the observed object prior to detection. Having about the size of the object's image, the presence of a confocal pinhole reduces the field of view by introducing depth discrimination, resulting in an increased contrast, an increased signal-tonoise ratio, and also to an improved resolution. This comes about partly from the rejection of out-of-focus stray light and the influence that the point like detection has on the final point spread function. For point excitation and point detec- tion, the lateral resolution is theoretically improved maximally by a factor of two compared to usual far-field microscopy [48] . Mathematically speaking, the point-like detection sharpens the PSF, given now by the product of two point sources (i.e. a squared Airy pattern). Using smaller detector pinholes cannot generate arbitrarily small detection volumes, because with an (artificial) zero sized pinhole no signal at all will be detected. Having understood the basic principles behind confocal imaging, both its advantages and its limitations, confocal microscopy in its classical form will not be able to generate detection volumes allowing fluctuation spectroscopy to reach higher concentration ranges. To do better than this, other optical methods need to be applied. Before these methods are described in more detail, the theory of fluorescence fluctuation spectroscopy and the important technical issue of reducing the background are outlined.
Fluorescence Spectroscopy
A major advantage in the use of fluorescence for analysis of biochemical processes is its sensitivity to environmental changes and the high degree of spectroscopic information available [60] . Labeled by a fluorescent dye, changes of or around a biomolecule (e.g. a protein) under study may readily be followed by changes in the fluorescence characteristics of the marker. The simplest of these characteristic, the fluorescence intensity (i.e. photon counts at the detector), gives rise to concentration estimates or to fluorescence efficiency or quantum yield of the marker. Fluorescence characteristics do not only include intensity, but also readouts such as fluorescence lifetime, fluorescence anisotropy or fluorescence wavelength, all of which being sensitive to changes of and around the marked molecule. These fluorescence readouts disclose additional information on the molecule's characteristics, including for example reactivity, mobility or conformational changes. Although the fluorescence labeling of a biomolecule to be studied may influence the molecule's characteristics, the use of light together with the development of a myriad of fluorescent markers including fluorescent proteins [61] have boosted fluorescence spectroscopy to one of the primary tools for non-invasive observations, especially in biological and living samples.
Fluorescence spectroscopy generally extracts information from an ensemble of molecules, available at any concentration or in any sized detection volume. Thus, despite the fact that scientific theories of molecular interactions and chemical reactions are mainly described on the basis of single molecules, our knowledge of the interactions and properties of molecules arises from experiments on ensembles of molecules. According to the fundamental tenet of statistical mechanics (i.e. the ergodic theorem), the mean of a physical value is the same regardless of whether the observation is carried out over time from a single member of an ensemble or over all members at a single point in time. However, this theorem is only valid in the case that the system is homogeneous, demanding all members of the ensemble to be similar. This is not the case for heterogeneities. In such systems, the heterogeneity can either be static or have variable ensemble characteristics within the measurement time. In these cases, the mean of a physical value measured for a single molecule over time and its mean measured over the whole ensemble at a single point in time are distinct, i.e. single-molecule and ensemble experiments disagree. The characterization of heterogenic systems demands the direct observation of single entities. Therefore, experiments on the single-molecule level are providing new comprehensive descriptions of molecular and physical properties and processes that are lost in ensemble measurements. These include, for example the determination of distributions of molecular properties of a heterogeneous system, the exposure of rare events and changes within an ensemble, the direct identification and quantification of single molecules, or the observation of the temporal behavior of single molecules and, thus, the direct observation of temporal fluctuations.
Fluorescence Fluctuation Spectroscopy
While single-molecule spectroscopy (SMS) can directly extract the information from the fluorescence burst above the background when a single fluorescent molecule enters the observation volume [62] [63] [64] [65] , fluorescence fluctuation spectroscopy (FFS) statistically analyses the fluctuations in the signal arising from the single molecules. These fluctuations may emerge from diffusion in and out of the observation volume (and/or from scanning the illumination spot over these molecules) or from reactions rendering themselves in a change in fluorescence intensity. As these fluctuations are to an extent also visible within a multitude of fluorescent molecules, FFS analysis not necessarily demands such low concentrations as SMS, which implies the presence of only one molecule in the observation volume at a time. Among the variety of FFS methods already presented in the introduction, fluorescence correlation spectroscopy (FCS) is probably the most common and the best known method and rests on the work of numerous distinguished researchers [66] [67] [68] [69] . In FCS, the fluctuating signal I(t) is analyzed in terms of calculating the correlation function defined as, (2) where the brackets <…> denote averaging over measurement time t and τ the correlation lag time. Since all single molecules under study in principle progress randomly and independently from each other (with the exception of coupled processes), the signal of a single molecule is solely correlated with itself. Thus, for the case of using the normalized function
is indirectly proportional to the average number of fluorescent molecules present in the observation volume at a time, G(τ → 0) ~ 1/N (i.e. the molecular concentration). Furthermore, the correlation function decays with a time characteristic of each process manifesting itself in a change of the marker's fluorescence emission. Besides kinetic reactions including photophysical and photochemical events, such as population of the triplet state [70] or photobleaching [71] or binding and conformational reactions [1] , this particularly includes entering and leaving of the observation volume by diffusion or for example by scanning [71] [72] [73] [74] .
To derive an analytical expression of the resulting correlation function, the shape of the effective fluorescence detection volume has to be regarded. The effective fluorescence detection volume is given by the shape of the illumination profile and by the subsequent emission and detection efficiency. As an example, the emission efficiency may very well vary over the illumination profile due to saturation of the fluorescence emission, an effect that is more pronounced at areas of high irradiance [70, [75] [76] [77] . Approximations are therefore often introduced which allow analytical solutions to be deduced. With a simplified expression assuming a three-dimensional Gaussian fluorescence observation profile I(r,z) ~ exp(-2r 2 /w r 2 ) exp(-2z 2 / w z 2 ) (with r and z being, respectively, lateral and axial coordinates and w r and w z the respective 1/e 2 -radii) the correlation function of diffusion is given by
Here, τ ⊥ = w r 2 /4D and τ // = w r 2 /4D describe the characteristic diffusion time in the lateral and axial dimension with D being the molecule's diffusion coefficient. Since D not only depends on the solvent viscosity but also on the mass and shape of the marked molecule, changes in mass or shape due to binding, cleavage or conformational changes can be observed. Usually, FCS is used in a relative approach where changes in molecular dynamics are compared to calibration measurements done on less complex systems. FCS is also very much a model based analytical tool where different physical assumptions generate distinct analytical solutions for the correlation function, which critically depend on optical properties and kinetics models [75, 76, [79] [80] [81] [82] [83] [84] [85] [86] . In order to derive valid analytical expressions, detailed knowledge of the optical excitation and collection profile of the experiment are mandatory. The kinetic processes of concentration variations and thereby the fluctuations in time of the fluorescence properties also need to be known. Therefore, it is sometimes hard to find exact experimental or theoretical solutions. Analytical expressions for the autocorrelation functions can therefore vary depending on the assumptions and approximations being used. Applying wrong models and properties, still getting analytical solutions, will deliver erroneous results during data evaluation which are easily misinterpreted. Optical diagnostic of the detection volume in combination with numerical evaluation and simulations of its properties and the concentration kinetics are helpful tools to minimize these problems in fluorescence correlation spectroscopy.
A different drawback in FCS arises when several species of different fluorescence characteristics are present. Different species can of course be distinguished according to their difference in diffusion time, but no direct estimates of each species' molecular concentration N i or fluorescence brightness q i (i.e. average fluorescence photon counts per single molecule under given illumination conditions) are obtained.
Only an estimate for their product of the molecular concentration and the fluorescence brightness N i q i is available. Thus complimentary fluctuation methods have evolved that are based on analysis of the distribution of the fluctuating amplitudes. These methods were introduced as burst size distribution (BSD) [7] , photon counting histogram (PCH) [8] , or fluorescence intensity distribution analysis (FIDA) [9] . All methods are based on the collection of photon count numbers n recorded in consecutive time intervals of fixed duration T and use that information to assemble a count number histogram P(n). A theoretical probability distribution of photon count numbers is fit to this histogram, yielding specific fluorescence brightness q i and molecular concentrations N i for all species i in the sample. Fluorescent compounds of a sample as well as uncorrelated (background) signal U due to scattered light or fluorescence signal of very low brightness can also be resolved on the molecular level, as long as these components display different values for molecular fluorescence brightness. The overall signal intensity I is thus split up accordingly I = Σ N i q i + U. The theoretical expression for P(n) is based on two Poissonian distributions, namely a distribution of number of molecules m around the averaged value
, as well as a distribution of detected photons n around its average value given by
The total count number histogram P(n) is influenced by the shape of the effective fluorescence detection volume, i.e. the profile B(r), whose correct description critically influences the obtained results for N i and q i . In the case of FIDA, B(r) is approximated by a parameterized polynomial whose parameters can be determined from independent control measurements on a single type of markers (dye molecules). This empirical approach is adopted solely for its good match between the experimental histograms and the fitted distributions and has no further physical meaning [9] . The histogram based methods complement the correlation technique and together they allow full extraction of a plethora of molecular data.
FFS, including the techniques of FCS and BSD/PCH/ FIDA as well as single-molecule spectroscopy, in general demands for a fluorescence signal of a single molecule clearly rising above any other signal. Besides significantly high fluorescence brightness, these analysis methods demand for very low concentrations (i.e. average number of molecules in the observation volume) to be applied. As stated in the introduction, systems requiring high concentrations thus call for the development of reduced detection volumes.
TECHNOLOGICAL IMPROVEMENTS Reduced Background Noise
Detecting fluorescence fluctuations from a single molecule is mainly an issue of background reduction rather than detection sensitivity because several millions of photons per second can be emitted by a single fluorophore [71] . As briefly discussed before, in the case of a confocal microscope a field diaphragm or a pinhole is placed in a conjugated image plane of a microscope, which renders the detecting of fluorescence fluctuations only from a small region of interest. Thus, the detection of out-of-focus scattered or fluorescence light (i.e. background or uncorrelated signal) is minimized. Decreased detection volumes are thereby of great importance to allow single-molecule detection and consequently FFS at high concentrations. A different approach to minimize background noise is to activate the detector only for a controlled time interval during a possible fluorescent burst from a single molecule [87, 88] . This technical approach, called time-gated discrimination, was the first technique that made it possible to detect single fluorescent molecules even in very large detection volumes (picoliter) [64, 65] . Instead of electronic gating, time discrimination can also be performed using software based approaches that zoom in on fluorescent bursts in the raw data stream of detected photons [88, 89] . In noisy environments, fluorescence may be further enhanced by labelling the molecules under investigation with a multitude of fluorophores [63] . Regarding fluctuation spectroscopy, initial attempts to spatially block the unwanted background was done by Koppel et al. by placing a field diaphragm in front of the detector (see, for example, Fig. 2 in ref. [90] ). Noisy lasers, low efficient detectors and optical filters however prevented single-molecule fluctuation investigation at this early state. The large breakthrough for fluctuation spectroscopy, meaning investigations of very few fluorescent molecules, had to wait almost two decades of technological improvements. In the early 1990's, Rigler and co-workers used confocal microscopy as a spectroscopic tool and were able to analyze single fluorescent molecules diffusing through a detection volume below one femtoliter [40] [41] [42] [43] [44] . Simultaneously, Zare and co-workers achieved similar results [91, 92] . Many other research groups shortly thereafter also adopted the confocal microscope as an analytical tool to study the dynamics of single molecules using fluctuation spectroscopy. After this renaissance and a decade of a huge number of publications in many different disciplines, FCS has evolved into a very powerful and sensitive technique for measuring dynamics of molecular processes in vitro and in vivo [1] . Fluctuation spectroscopy has found an increased use particularly in the area of drug discovery and high throughput screening [21, 93] . Confocal microscopes equipped with fluctuation spectroscopic tools are also commercially available from several vendors today.
Reduced Detection Volumes
During the scientific development of optical microscopy, several non-linear or (higher) harmonics techniques have been proposed that have the potential to reduce the focal volume and achieve so-called super-resolution [94, 95] . One such non-linear method that has attracted much attention lately is the two-photon approach [96] . This method uses the quadratic dependence of the laser excitation to generate fluorescence from a volume confined only to a region within the focal spot [97] [98] [99] . In theory, two-photon excitation squeezes the fluorescence spot by a factor of ~2 , as compared to single-photon excitation. In practice, due to diffraction of the point spread function using a doubled excitation wavelength, the fluorescence spot is actually increased by about a factor of ~√2. The multi-photon method can (as single-photon confocal microscopy) not generate arbitrary small detection volumes. The resolution remains diffraction-limited and multiphoton microscopy will not open up the nanoscale. The strength of two-photon microscopy lies in its depth discrimination, its increased penetration depth into cellular material and its reduced out-of-focus photobleaching. This method has therefore, after its initial developments [100, 101] inspired an increasing number of scientists to apply the technique in combination with correlation spectroscopy for studies in living cells [1, 102] .
A totally different but very intriguing multi-photon approach to obtain increased resolution is to apply entangled photons. Entanglement, a peculiar quantum mechanical property of coupled systems, which loosely speaking allows photons to share more information that is carried by the individual entities [103, 104] . With entanglement, the resolution can be increased through a process that simplistically decreases the wavelength of the strongly connected photon pairs [105] . This approach is, however, hampered by the lack of bright light sources that generate a multitude of entangled photon pairs. This multiphoton approach therefore has a long way to go until it allows imaging at the nanoscale.
Increasing the number of objectives to two (or even more) decreases the detection volume and, as a consequence, increases the resolution [106] [107] [108] . For a pair of objective lenses, the resolution is primarily increased along the common optical axis (i.e. axial direction) [109] . Dual objective microscopes therefore gather more light at a larger set of collection angles, i.e. they have a higher NA. As a result, they have a reduced width of the point spread function (PSF) [cf. Eq. (1)]. If the light beams from the two objectives are combined on a single detector after having traveled equal distances (or phase multiples of 2π), the two beams will interfere and new high-axial resolution information not accessible in a single lens microscope is available. Since this can be used both for excitation and detection, the use of dual objectives is a powerful imaging technique implemented in the so-called 4Pi microscope. Because 4Pi uses a confocal point-scanning approach (often used in conjunction with two-photon excitation) to generate a reduced focal volume along the optical axis [100, 102] , it is well suited not only for imaging but also for performing fluorescence fluctuation spectroscopy in a reduced volume. Using a similar dual-lens arrangement, the so-called I 5 M microscope achieves extended axial resolution in wide-field imaging. However, because it lacks true optical sectioning, it does not lend itself well to FFS applications.
The interference of focused wavefronts of two opposing objective lenses readily produces a focal spot of ~λ/4n in width along with periodic side-lobes at ~λ/2n distance along the axial direction. The value of ~λ/4n of the central main spot should be compared to the ~ 2λ/n axial extend of a single lens microscope, which is about four times larger than its value of ~λ/2n in the transverse direction [i.e. Eq. (1)]. It is actually the use of a single objective in conventional microscopy that is leading to this disparity as a large part of the detection angles is disregarded (i.e. the symmetrical part on the opposite side). Considering solely the central main spot, two effects are therefore gained using dual objective based microscopes; i) decreased axial extent and thus detection volume and ii) simultaneously a more spherical central focal spot. Theoretically, a decrease in axial extent and thus an increase in axial image resolution by a factor of about eight seems possible just comparing the numbers above. Experimentally, a factor of up to seven has actually been reached. The technique is still limited by diffraction, which is probably most easily understood by considering it as a wave phenomenon. For reviews regarding these techniques (including other novel microscopy approaches) see [111] [112] [113] .
At present, only a couple of applications, combining FFS with interference effects in the excitation and detection, are known to the authors. This is probably soon going to change as last year saw a commercial release of a 4Pi dual objective microscope that allows cooperative interfering excitation and detection [114] . The extra side-lobes or fringes present in 4Pi images can be suppressed using deconvolution techniques, solely leaving the image gained from the central main spot. For FFS there is, however, no way to compute away the sidelobes as in the imaging applications. Moreover the sidelobes (for 4Pi-FFS application) only lead to an effective reduction of the effective fluorescence detection volume of about a factor of two. The structured illumination should on the other hand allow velocity and transport measurements between the focal lobes, in a static manner as well as with moving lobe pattern. Structured illumination combined with FCS has actually been applied to characterize transport effects and to deduce diffusion coefficients of fluorescent molecules [115] . Even though this FCS example primarily did not aim to decrease the detection volume, it showed that the concept of interference is possible to combine with fluctuation spectroscopy. In fact, the interference fringes introduce a precise ruler that can be used to calibrate length scales in the detection volume. Along these lines, FCS has also been performed on a mirror [116, 117] . Conceptually, these experiments resemble very much the early attempts to generate an increased axial resolution using standing wave excitation, then limited however to 200 nm-thick samples [118] . Mirror interference produces somewhat smaller detection volumes but its main advantage is the new time window opened up by the fringes-to-fringes diffusion. The small inter-fringe spacing also made it possible to correctly probe the diffusion properties inside cellular compartments smaller or equal in size to focus of a diffraction-limited confocal microscope [119] .
Total Internal Reflection (TIR)
In trying to circumvent problems of diffraction when focusing light, several optical methods have been suggested and tested in light microscopy. One of these methods lets an evanescent field define the excitation volume in a microscope. By exciting only a very thin section, generally about a hundred nanometers thick, one elegantly attacks the axial dimension of the detection volume. Typically, a factor of 10 is gained compared to conventional confocal microscopes, whose detection volume extends about ~ 2 λ/n in the axial direction. The shallow evanescent field can be generated through the use of total internal reflection (TIR). As a ray of light strikes the interface of two dielectric materials with different refractive indices (e.g. water/air), parts of the light is either transmitted or reflected. The reflected part leaves the interface under the same angle as the incoming ray (where the angle is defined from the normal of the interface). The transmitted beam is refracted, and leaves the interface at a different angle as compared to the incident one. If the beam travels from an optically denser to an optically less dense material, the beam is deflected away from the interface normal. The maximum value of the incident angle, at which the transmitted ray becomes tangential to the interface, is called the critical angle. The ratio of the refractive indices at the dielectric interface sets the value for the critical angle θ c . Above this angle the incoming ray is back reflected totally (no transmitted ray emerges) in a process called total internal reflection. At the very interface, a surface wave emerging from the tangential part of the totally reflected ray is present. This surface wave or evanescent field, as it is also called, can be used as the excitation source in fluorescence imaging and spectroscopy. The amplitude of this field decays rapidly away into the less dense material and only penetrates a few hundred nanometers in depth. The electric field intensity actually decays exponentially, with perpendicular distance z, away from the interface I(z) = I 0 exp(-z/d). The decay length is given by d = λ 0 (n 1 2 sin 2 α -n 2 2 ) -1/2 / 4π where n 1 and n 2 are the refractive indices, α is the angle of incidence (AOI), and λ 0 the vacuum wavelength. In Fig. (2b) , this decay is shown schematically for a glass/water interface. Using optical materials with large refractive indices can generate even faster decays and smaller depths. The fast axial decay is the reason why TIR has found an increased interest in the area of fluorescence microscopy, especially in the area of biochemistry and biophysics for studies of molecular and cellular phenomena at solid/liquid interfaces [120] . Exciting only a thin layer results in images with very low background fluorescence, virtually no out-of-focus fluorescence, and minimal exposure of cells to light at any other planes in a sample.
There are two general experimental approaches for the realization of TIR microscopy, prism-and lens-based setup, schematically sketched in Fig. (2a) . In the first approach, a prism is used to generate high enough incident angles > θ c and usually fluorescence is detected by a microscope objective opposite to the prism. In contrast, illuminating a microscope objective lens of high NA with an annular ring of light is applied for the lens-based system to obtain incident angles > θ c . In this case, fluorescence is collected by the same microscope objective. For reviews of total internal reflection fluorescence microscopy (TIR-FM) in cell biology see [121] [122] [123] [124] and references therein. In addition, total internal reflection has been used in combination with fluorescence correlation spectroscopy (TIR-FCS) to count the number of fluctuating biomolecules and to study their adsorption kinetics. These investigations have mostly been done using total internal reflection on prism, not through microscope objectives [125, 126] . Even though prism-based approaches generate shallow excitation volumes in the axial direction, the lateral extent is usually several times larger than in confocal microscopes. Detection volumes of tens and hundreds of femtoliters are often the case. Small total detection volumes where higher concentrations of single molecules could be studied are therefore not reached. Larger sized detection volumes are actually a problem in objective based TIR approaches, too. Underfilling of the back aperture with an annular ring of light results in enlarged excitation volumes [127, 128] as compared to diffraction-limited volumes, which are obtained by overfilling the back aperture and, possibly, by correcting for aberrations. Large illuminated areas can in addition be a problem regarding photobleaching of the whole sample. On the detection side, incorporation of a confocal pinhole generates somewhat smaller detection volumes [129] . The main contribution of the confocal restriction is, however, reduced background contributions from the interface (mainly scattering from the surface and surface impurities). As to instrumental improvements, comparisons and reviews regarding these two techniques, i.e. prism based and objective based, see [130] [131] [132] [133] [134] [135] .
Experimentally, the need for very high numerical apertures, technically not available in the early 1980's as TIR-FCS was being developed [125] , has thus far limited the number of fluctuation spectroscopy investigations to less than a handful. From theoretical perspective, the main problem has been to develop analytical expressions of the TIR-FCS correlation function for different biochemical processes. In the most simple form, assuming diffusion and no binding to the interface (i.e. the fluorescent molecule diffusion towards or away from the interface sees the same intensity distribution), the evanescent field can be assumed to be equal to P(r) = exp(-|z|/d), where z is in the perpendicular (axial) direction of the interface and d is the penetration depth of the evanescent field (1/e-value). The time-decay of the autocorrelation function for diffusion in the z direction is in this case given by [127, 128] , again pointing to the importance of applying correct models for FCS.
As already stated, in order to achieve total internal reflection, it is necessary to use objectives with very high numerical apertures. Several objectives having NA ~ 1.45 are today available from different microscope manufactures. These objectives allow angles of incidence up to about 72°, which is well above the critical angle of a glass/water interface. However, when biological samples are attached and studied on top of an interface, the refractive index on the evanescent side is increased. This results in an increased critical angle, typically around 65° assuming a mean refractive index n Cell = 1.38, and thus a decrease in useful angles above which total internal reflection occurs. The technical demand and experimental adjustments to achieve TIR are therefore more problematic for biological samples. To somewhat overcome this drawback, parabolic mirrors objectives (PMO) with larger excitation and collection angles have been developed [136, 137] . Another possible improvement using reflective optical elements compared to refractive elements is that aberration occurring at large angles is smaller. With the TIR-PMO it has therefore been possible to approach the lateral size of the confocal microscope [138] . But as with all these evanescent-field applications it is only possible to go below the diffraction limit in the axial direction. The PMO approach has also been combined with TIR excitation to study single fluorescent molecules [139] . In addition, combined with confocal detection this technique has reached a detection volume of a few attoliter (1 aL = 10 -18 L). This small detection volume has been applied to fluorescence correlation spectroscopy of molecules at concentration up to 200 nM [140] . However, the complicated intensity distribu- Fig. (2) . a) Configurations to produce an evanescent wave. Left: The incident beam undergoes total internal reflection at the glass-water interface of a prism. Fluorescence is collected from the top using an objective lens. Right: In the lens-based approach, a high-numerical aperture objective lens produces total internal reflection when illuminated with an annular ring of light. The fluorescence is collected by the same lens. b) Evanescent field intensities at a glass-water interface ( n g = 1.52, n w = 1.33) at increasing surface distances z (given in multiples of the excitation wavelength) and for varying angles of incidence. Angles of 68° and 74° can also be realized with NA 1.40 and 1.45 objective lenses, respectively. tion in the TIR-PMO has, so far, prevented analytical correlation functions to be deduced [141] .
It is not just on the excitation side of the optical configuration that an evanescent field or near field can be taken to its advantage when decreasing detected volumes. High numerical objectives (NA > 1.4) actually detect the near-field emission of surface bound fluorescent molecules even when they are excited in a standard epi-illuminating way. No total internal reflection excitation at all is then necessary. The principle behind this technique is based on the fact that the total emission of a fluorescent molecule is actually a superposition of the exponentially decaying near field and the propagating far-field emission normally detected. If fluorescent molecules are close enough to a water/glass interface, part of the near field is captured by the interface and converted into a light propagating away at different supercritical angles. The near-field emission is therefore strongly located at and above the critical angle of the glass/water interface. To implement super critical emission selection in a microscope, an opaque disk of appropriate size can be placed at a conjugated image plane of the microscope [133] . This disk then blocks the subcritical emission coming from fluorescent molecules far away from the interface and allows detection of only surface bound molecules. Again, a very shallow detection volume is generated. Thinner detection volumes are obtained by combining the TIR and supercritical approach, yielding even higher surface selectivity as both the excitation and the detection is done at the interface [142] . Finally, a combination of subcritical and supercritical detection could allow investigation of transport effects by cross-correlating the two (subcritical and supercritical) volumes.
Near-Field Optical Scanning Microscopy (NSOM)
The concept of near-field scanning optical microscopy was inspired from the well-known medical stethoscope which allows a spatial resolution of ~10 cm to be achieved using wavelengths in the order of 100 m. These small resolutions corresponding to λ/1000 can be reached through the use of a small aperture which is scanned across the object under investigation. As realized more than two decades ago, this concept can in fact be transferred from the acoustical domain to optical waves by forcing visible light through an aperture of sub-wavelength diameter (30-50 nm in size) [143, 144] . While light cannot be guided through such a minute aperture as an optical mode, it does leave the opening as an evanescent wave. Today, near-field scanning optical microscopes (NSOM) are typically implemented using tapered optical single-mode fibers that are coated with a thin layer of aluminum on the side and with a transparent exit pupil at the apex of the tip [145] . Because of the low penetration depth of the evanescent field, the region illuminated by such a tip is not only constrained in the lateral directions (as determined by the size of the aperture) but also along the optical axis where it extends to a depth of only ~100 nm. Compared to the approach pursued in confocal microscopy, it is the excitation rather than the detection volume that is constrained in NSOM (see Fig. (3a) ). This has the intriguing advantage that little or no background signal from e.g. unspecific fluorescence and/or scattered light is produced and that out-of-focus bleaching of fluorescent markers is significantly reduced. On the downside, excitation is rather inefficient because only a very small percentage (~ 10 -6 ) of the optical power coupled into the tapered fiber actually leaves the tip while the major fraction of the light is back reflected [146] . The small apertures on the other hand render rather complex spatial intensity distributions. Additionally, adhesion to the large metallic area surrounding the pupil hole might occur. For biological applications, NSOM investigations are restricted to the exterior surface of cells unless a damage of the cell wall and other cell organelles by a tip inserted into the cell is tolerable [147] . The positioning stability of the tip aperture inside cells is another challenge.
An alternative approach in near-field imaging and spectroscopy is to remove the sub-diffraction sized aperture (apertureless scanning near-field optical microscopy, ANSOM). Instead, a sharp metal tip is positioned in a confocal laser focus or in an evanescent field produced by a high-NA objective lens. As governed by basic electrodynamics, the strong curvature at the metal tip produces a strong field enhancement in its local vicinity, which serves as the source for fluorescence excitation (see Fig. (3b) ). The complex field distribution in the ANSOM (as well as NSOM) is an important design parameter for different fluorescence spectroscopy experiments [147, 148] . Specially designed antenna topologies offer the possibilities to enhance fluorescence emission several times in metallic tips [149, 150] . While, theoretically, the resolution of this type of microscope should be solely Fig. (3) . Implementations of near-field scanning optical microscopy. a) Aperture-based approach: the light is guided to the tip of a tapered and metal-coated optical fiber by total internal reflection. Because of the subwavelength diameter of the actual aperture, the light cannot leave the fiber as a propagating wave but rather creates an evanescent near field in the 30 -50 nm vicinity of the tip. Typically, the field extends about 100 nm into the solution. b) Apertureless approach: Instead of an evanescent field near an aperture, a local field is created by a sharp metal tip which is brought into the laser focus produced by a high-NA objective lens. As governed by Maxwell's equations, the high curvature at the apex produces an extremely strong field enhancement which defines the observation volume. Unlike the aperture-based configuration, the ANSOM approach suffers from a significant background emerging from the whole laser focus.
governed by the size of the tip being used (typically ~10 nm), the full potential of ANSOM has only recently been exploited [151] [152] [153] . This is mainly due to the fact that, apart from the immediate region around the apex of the tip, a much larger volume is also (weakly) illuminated which gives rise to a substantial background. Thus, measures have to be taken to suppress these unwanted signals to analyze fluctuating single molecules. The use of single molecules themselves as light sources for illumination has been proposed and tested [154] .
Because of the tiny observation volumes produced using near fields, fluctuation spectroscopy at high concentrations should be readily implemented using NSOM [155] . Even though aperture-based NSOM does not offer the same potential as ANSOM as far as the volume reduction is concerned, it seems particularly suited for FCS and related methods. The reason is that only a minute volume is excited and that, consequently, the fluorescence signal is contaminated with virtually no background impurities. This is particularly important for FCS because the amplitude of the correlation curves extrapolated to τ = 0 is deduced according to 2 where N is the average number of molecules in the focal volume and U is the uncorrelated signal such as the background given in the equivalent number of molecules [72] . It is therefore important to reduce the background to well below the fluorescence signal in order to measure artifact-free FCS curves. Even though the combination of fluctuation spectroscopy with NSOM is intriguing and, in fact, has been proposed several years ago, to our knowledge no experimental implementation has been reported so far.
A limitation of the near field is that it is not easily scalable (i.e. changing tips is required). A dynamic adjustment of the focal volume is therefore not possible as is the case of using far-field methods [111] . Also, it should be noted that, as with all other near-field based methods such as TIR, a surface is inherently adjacent to the detection volume in NSOM. Consequently, free diffusion is restricted in at least one direction. In many cases, this is undesirable when performing fluctuation spectroscopy, as the diffusion constant is a key parameter for observing binding reactions. On membranes, however, this drawback is not commonly a problem. NSOM-FCS applications on two dimensional systems should therefore be suitable to investigate biochemical processes like protein-protein and ligand-receptor interactions, enzymatic reactions and conformational changes, and aggregation phenomena.
Nanofluidic Channels
Nanotechnology, the very buzz word of 21 st century science has become one of the most highly energized disciplines in science and technology today [156, 157] . It covers the smallest structures found in nature and it sets a hard limit to shrinkage and building smaller man-made things. Nanotechnology lays the foundation to work at the atomic, molecular and supramolecular level with scales ranging from a single nanometer up to several hundreds of nanometers [158, 159] . The possibilities that nanometer-sized structures can offer have attracted much attention lately. Mechanically confined compartments of sizes much smaller than the diffraction limit are easily fabricated. Optical microscopy combined with such nanostructures (i.e. mechanical systems having at least one dimension with a size in the nanometer range) has therefore been developed. The design and manufacturing of the nanostructures builds on the advantages witnessed in microelectronics fabrication and is relentlessly driven to build ever smaller structures [160] . (For reviews on nanomechanically fabricated structures see [161, 162] ).
Foquet et al. have used nanofabricated channels with dimensions smaller or equal to the width and depth of a diffraction-limited detection volume in confocal microscopy for fluorescence correlation studies [163, 164] . By passing fluorescent molecules through the mechanical confinement and detecting their emission, an effective detection volume of few tens of attoliters was achieved (see Fig. (4a) ). To deduce this effective volume, the fluorescent emission was analyzed with correlation functions where the spatial fluorescence intensity distribution was assumed to be a two-dimensional Gaussian, convoluted with the restricted dimensions of the channel. The nanochannels had typical dimensions of a couple of hundred nanometers in their cross-section and it was mainly the axial extend of the confocal volume that was decreased simultaneously as an almost two-dimensional fluidic system was generated. In narrower channels even the second physical dimension was restricted resulting in dimensionality of less than two.
One of the driving forces behind the nanometer sized channels was to achieve high-throughput analysis systems for the biotechnological field. Such high-throughput analysis systems move towards large numbers of analytical experiments performed in parallel and in an automated fashion, with the ultimate aim of guiding minute amounts of liquid through a detection volume and to analyze it at the singlemolecule level. The ability to make such highly sensitive and selective measurements could lead to breakthroughs in medical applications like individual DNA analysis, drugs screening of patients, and early-stage diagnostic of tumors, Alzheimer development as well as viral and bacterial infections. It was actually these ideas that motivated the development of single-molecule detection techniques in solutions two decades ago. Fluorescence emission was in those early approaches also confined to part of the laser focus, but the effective detection volume spanned several picoliters [64, 65] . However, making the structures smaller and smaller does not necessarily improve the system. The amount of analyte solution that can be examined per unit time will be reduced in nanostructures with very small cross sections. Binding of molecules to surfaces, or even clogging, which can make further detection impossible, also has much higher probability to occur in smaller nanochannels. Furthermore, for channel dimensions on the order of or smaller than the microscope focus, exact positioning of the channel with respect to the focus has a significant effect on the molecular brightness, diffusion time and other parameters extracted through the FFS measurements.
Surface Plasmon Wave-Guides
An ingenious way to generate a decreased detection volume is to combine the concept of evanescent-field excitation and metallic nanostructures. In this approach, simplistically speaking, it is the conducting nanostructure itself that when excited by light generates a very shallow evanescent field. The field is essentially trapped on the metallic surface because of interaction between light and free electrons in the metal. Metallic evanescent fields are collectively known as surface plasmons (SP's). Surface plasmons are today being explored for potential use in subwavelength optics, data storage, light generation, microscopy and biophotonics [165] . The use of SP's was actually suggested almost a century ago by Edward Hutchinson Synge as a method to extend the resolution of a microscope into the ultramicroscopic region (today known as the near field) [166] . To understand how surface plasmons generate smaller detection volumes, the basic concept of a metallic evanescent field should be understood. If a conductor is excited with an electromagnetic light field, the free electrons in the conduction band start to interact with this field. The free electrons will respond collectively to the electromagnetic field by starting to oscillate in resonance. However, as the free electrons undergo collision with the atomic lattice or imperfection in the metallic layer, this will introduce irreversible losses by converting the collective oscillations (i.e. light in the form of surface plasmons) into heat. This should be compared to total internal reflection where light interacts with dielectric surfaces of bound charges [124] . As metallic heat transfer is very efficient, the plasmonic waves trying to propagate through the conductor attenuate after a much shorter distance. The wave attenuates exponentially and how far it can propagate is given by the propagation depth or skin depth. In order for a metal to be transparent to light, its thickness has to be smaller than this depth. Skin depths of metals are exceedingly small and generate evanescent decays lengths that are much shorter than in dielectric materials [165] . This is one of the major reasons why nanometer thick metallic structures have generated interest as excitation sources for fluorescent imaging and spectroscopy. Frequently, silver and aluminum are used as metallic layers, but for many practical purposes gold is preferred due to its chemical stability against most biological buffer solutions. Metallic surfaces also have a profound effect on the emission properties and radiative rates of fluorescent molecules [52] [53] [54] , where different surface materials and varying topologies change the fluorescence yield by enhancement processes or radiative quenching. In addition, metallic layers have recently attracted much attention as perfect imaging materials for recovery and amplifying evanescent near fields [167] . Surface plasmons are therefore today a hot topic in optics as they can be used to produce sub-diffraction-limited images in for example photolithographic applications [168] .
A particular simple approach of the surface plasmon technique consists of using nanoholes (diameter 20-100 nm) in a metallic film [144] . The nanoholes can be illuminated from below through a microscope objective and fluorescence emission is then collected in an epi-configuration (i.e. using the same objective) [169, 170] . In combination with the surface plasmon effect, the nanoholes, or zero-mode waveguides, exhibit diameters below a size where propagating modes cannot exist. This generates strongly evanescent field with penetration depths of tens of nanometer inside the well shaped cavities (see Fig. (4b) ). Resulting detection volumes of a few tens of zeptoliters (1 zL = 10 -21 L) have been generated, which are about four orders of magnitude smaller than confocal and other diffraction-limited volumes. In these small detection volumes, it is possible to work at concentrations of hundreds of micromolar and still monitor single molecules. The nanohole approach has been combined with FCS by two groups at Cornell University, Ithaca to observe dynamics of biomolecules in living cell membranes and DNA polymerase activity in solutions at higher concentration ranges [171, 172] . The effective intensity profile was described as a product between the evanescent field and the fluorescence quantum yield as a function of position to the metal. This assumption was thereafter solved numerically by Fourier or Laplace transformations to fit measured correlation curves performed in single nanoholes. Such fabricated arrays of nanohole and the surface plasmon illumination concept may pave the way for parallel FCS approaches and could offer an efficient and highly parallel approach to perform biochemical assays in nanostructured wells [173] . The approach has potential benefits regarding dual color investigations, too. In cross-correlation spectroscopy (FCCS) the nanoholes (apertures) assure almost perfect overlap of the excitation volumes for different wavelengths, which in addition becomes less sensitive to misalignment. As with the metallic layers, these metallic nanoholes also affect fluorescence emission properties [174] and have attracted much interest for fundamental optical studies [175] [176] [177] [178] . Even though the above mentioned near-field techniques offer decreased detection volumes, and sometimes even allow enhanced fluorescence emission, they are all surface-bound and as a result not suitable to image the interior of live cells. Completely different far-field techniques have therefore been considered that overcome this drawback and simultaneously generate sub-diffraction detection volumes.
Stimulated Emission Depletion (STED)
The inability to create sub-diffraction detection volumes with far-field optics has been the major reason why fluorescence fluctuation spectroscopy has been limited to (sub)-nanomolar concentration ranges and respective applications. Nanosized detection volumes for molecular observations, introducing no mechanical confinement and being noninvasive, dynamically adjustable and diffraction-unlimited, therefore open up new applications for FFS and would be embraced by many scientists. As FFS will inevitably have to move to sub-diffraction volumes, there is no option to noninvasively confine fluorescence volumes but to use far-field optics. Overcoming the limit for far-field optics is not only a technical advancement, but also a solution to a physical problem that has been unsolved for over a century [45] . The first novel concept for breaking the diffraction-limit and increasing the resolution of far-field fluorescence light microscopy has been developed by Hell and coworkers [111] . The most mature of these techniques applies stimulated emission depletion (STED) microscopy [179] . This optical method has been shown to produce sub-diffraction fluorescent focal volumes for fluorescence imaging [179] [180] [181] [182] [183] [184] [185] . It has also been proposed to be applied to fluorescence fluctuation applications [50, 180, 186] .
Typically, the STED method is implemented using two synchronized laser pulse trains [187] . The first laser pulse of picosecond length excites the fluorescent dye while the second pulse, tuned towards the red tail of the fluorescence spectrum, stimulates the excited molecules down to a vibrationally excited level of their ground state, which then further can undergo non-radiative ultrafast relaxation. The duration of the STED pulse is between 50 and 300 ps and is chosen such that the depletion is well completed within the typical fluorescence lifetime of the dye which is on the order of a few nanoseconds. However, it is more than 100-fold longer than the lifetime of the vibrational level into which the molecule is quenched. This ensures that the excited molecule, which is pumped into a quickly decaying (i.e. unpopulated) state, is effectively quenched. In order to produce a reduced focal volume using STED, a regular diffractionlimited focal spot is used for excitation (the green PSF shown in Fig. (5b) and (5c)) but the STED focus (shown in red) is custom-tailored to feature a zero-intensity minimum at the center but high irradiances in the focal periphery. Particular focal shapes are achieved by retarding the phase of the central part of the laser beam incident onto the objective lens by a phase of π (or, correspondingly, by half a wavelength), see Fig. (5a) . Such configuration ensures that fluorescence may occur in the very center of the PSF's but that it is effectively suppressed in the focal periphery where the STED laser irradiance is high. By increasing the power of the stimulating beam, the region from which fluorescence originates is successively shrinked and may ultimately be scaled down to nanoscopic and even molecular dimensions. Technically, the phase retardation can be implemented by using phasefilters that are produced by depositing the vapor of an optically transparent material (e.g. magnesium fluoride) onto a glass substrate covered with an appropriate mask. Phasefilters can be designed to generate various focal shapes. For example, a phase difference of π between the left and the right half of the filter generates two intensity maxima in the focal plane separated by a zero-intensity valley in between. A more elaborate approach is to use a spatial light modulator [188, 189] , which have become commercially available in the recent past. The use of such adaptive optical elements further allows to compensate for potential optical imperfections [190, 191] and thus to optimize the PSF's with the necessary zero intensity in the central region. Lateral and axial sections, respectively, through the resulting STED-PSF (red) which features a central zero-intensity minimum in the center along with two maxima along the optic axis. To illustrate the mutual alignment of the excitation and STED PSFs, the excitation PSF is also shown (green).
The first implementation of a STED experiment with fluctuations spectroscopy was recently published by Kastrup et al. [186] . In a series of FCS measurements on a dilute solution of a red-fluorescing oxazine dye, the STED irradiance was successively increased. The intensity profile of the STED-FFS detection volume generated a largely isotropic spot that was approximated with a three dimensional Gaussian intensity distribution. Concomitantly, a 25-fold reduction of the axial diffusion time τ || was observed which, according to V ~ √τ || , implies a 5-fold reduction of the focal volume. However, the G(τ→0) amplitude did not increase as expected based on the G(τ→0) ~ 1/N relation where N represents the average number of dye molecules in the (shrinking) focus. Rather, a slight decrease of the amplitude was observed. An additional analysis of the photon count-rate histogram using the FIDA method showed that a second, uncorrelated signal component U emerged as the STED irradiance was increased. While scattering was excluded as the source of this component, its particular origin could not be elucidated. However, using the fraction of uncorrelated signal as determined by FIDA, it was possible to correct the FCS amplitudes such that consistent volume reduction factors were calculated both from the diffusion times and the corrected FCS amplitudes. Current STED-FFS implementations thus require a combined analysis of the fluorescence fluctuations using both correlation and histogram-based methods. This last statement is actually true for all correlation experiments irrespective of the optical method used or the size of the detection volume. As the low uncorrelated signal cannot be discriminated from the fluorescence signal valuable for FCS, erroneous amplitude values of the FCS curve are deduced. The often-used correction formula derived by Koppel (G(τ→0) 
~ N/(N-U)
2 [72] ) is therefore only directly usable for scattered light that contributes to uncorrelated background signals, as the amount of scattered light can potentially be determined in a separate measurement (on a purely solvent-containing sample).
Besides the saturation process of fluorescence depletion by stimulated emission, the concept of STED microscopy can be generalized to reversible saturated optical linear fluorescence transition (RESOLFT) microscopy [192, 193] . The general concept involves two states of a fluorophore, a fluorescent and a non-fluorescent one, whose transition can be driven by light. Realizing a focal shape comprising a zeroirradiance spot for the light driving the transition to the nonfluorescent state induces the population of this nonfluorescent state everywhere but at the zero-irradiance spot. Further on, saturation of this transition enables to dynamically reduce this spot and, thus, reduces the effective fluorescence volume possibly down to molecular scales, in general offering FFS applications at high concentrations. Potential RESOLFT concepts have been realized or proposed using singlet-state triplet-state transition [194] or ground-state depletion of the applied fluorophore via saturation of the ground-state excited-state transition [195, 196] or the use of reversibly photoswitchable chromophores [106, 192, 193] . Potential photoswitchable chromophores are organic dyes [197, 198] or kindling fluorescent proteins such as asFP595 [199, 200] or Dronpa [201] . The use of biological compatible fluorescence proteins in RESOLFT-type microscopy (with reduced focal volumes) would readily guide to the application of high-concentration FFS in living cells.
CONCLUSIONS
As the cell is considered to be the cuvette of the future, scientists have developed a tremendous number of optical techniques and methods that use light to study for example its biochemical and biophysical processes. Almost all (about 80%) of these implementations make use of, in one-way or another, non-invasive fluorescence microscopy. However, due to the diffraction of light, it has not been possible to image and resolve small sized cellular structures at will using this methodology. The reason is that diffraction effects preclude the formation of focal spots that are smaller than about half a wavelength. The diffraction limit therefore poses a substantial barrier in, for example, the material sciences (lithography) and the life sciences (imaging and spectroscopy). New non-invasive optical tools and concepts have been and are still being developed to circumvent or overcome this limit. Like the microscope four hundred years ago opened up the microcosmos, these emerging nanoscopes are now opening up the nanoworld showing sub-cellular structures at previously unreachable resolution. As seeing is believing, it can with certainty be said that breaking or stretching the diffraction barrier is by far not the only hurdle these innovative instrumentation techniques have stepped over. A bright future lies ahead with the possibility to investigate cellular dynamics in its natural environment.
The examples mentioned in this mini-review are by no means complete. Like in any piece of work and scientific project it is always important to carefully consider the best tool for the job. A single technique, it being TIR, NSOM, STED, etc. is unlikely to solve all problems and answer all questions in life sciences. In addition, combined with fluorescence spectroscopic methods, these tools have a chance to extend the large range of interesting biochemical and biophysical experiment stretching from simple in vitro system all the way up to complex in vivo investigations. One technique that may contribute to achieve an even more complete picture of cellular dynamics is fluorescence fluctuation spectroscopy. A large advantage of this method is the possibility to extract kinetic information from fast subcellular biological reaction which then complements more static results achieved through imaging. At present, most fluctuation experiments using decreased detection volumes are focused on exploring and test some of the technical methods presented and to diagnose molecular behavior in relatively simple systems. This will hopefully change in the near future as soon as more scientists get to use these specialized state-ofthe-art nanoscopic tools. Parallel approaches using several techniques or parallel extension within each technique will definitely also follow. Detection of single biomolecules in vitro or in vivo (at high concentrations) could then become a trivial problem.
ACKNOWLEDGEMENT
We wish to thank S. W. Hell for stimulating suggestions and discussions, for proof-reading the manuscript and for continuous support. Grants from the Volkwagen Foundation and the Foundation of Swedish Research's supported this
